Ubiquinones extracted from 24 strains of LegioneZZa pneumophiZa (including the type strains of serogroups 1-14 and one proposed new serogroup) and from 44 strains of other LegwneZh species (including 28 type strains and strains of five proposed new species) were analysed by reversed-phase thin-layer chromatography. Ubiquinone profiles as determined by this method were reproducible, both qualitatively and semi-quantitatively, and provided information to aid in the identification of species of Legionella. Results of ubiquinone profiles determined by different laboratories were compared. Some quantitative differences in results between laboratories were observed, which may be due to different analytical procedures. For this reason laboratories should establish their own library of ubiquinone profiles. New information is presented on the ubiquinone profiles of seven LegioneZh species: L. birmhghamensis, L. brunensis, L. c~~& n s i s , L. moravica, L. q u i d d , L. tucsonensis and proposed new species no. 1347, 'L. worsleiensis'.
Introduction
Ubiquinones and menaquinones are constituents of bacterial plasma membranes, where they play an important role in respiratory electron transport. Structural differences in these respiratory quinones have been used as a basis for bacterial classification (Collins et al., 1977) . The Legionellaceae possess an unusual pattern of respiratory ubiquinones where the number of isoprene units (Q) on the benzoquinone ring ranges between 9 and 15. In other families of bacteria, the chain length ranges from 7 to 10 units (Gilbart & Collins, 1985) . These differences in hydrocarbon chain length allow a mixture of ubiquinones to be separated (Collins & Jones, 1981) .
Using reversed-phase thin-layer chromatography (RPTLC) and mass spectrometry, Karr et al. (1982) identified Q-9 to 4-13 in a range of Legionella species. These observations were extended by Moss et al. (1983) , who detected 4-14, as well as Q-13, in L. feeleii WO-44C by both RPTLC and reversed-phase high-performance liquid chromatography ; these ubiquinones were confirmed by mass spectrometry. Collins & Gilbart (1983) published quantitative ubiquinone profiles, which included 4-14 and Q-15, of twelve Legionella test strains Abbreviations : RPTLC, reversed-phase thin-layer chromatography; SG, serogroup. determined by high-performance liquid chromatography (HPLC). Comprehensive information on ubiquinones found in 23 Legionella species analysed by HPLC has been published by Lambert & Moss (1989) .
In our laboratory HPLC is not available and a library of ubiquinone profiles of all known Legionella species has been established by RPTLC. This method is convenient in that it does not require sophisticated and expensive equipment, is experimentally undemanding and gives highly reproducible results. It is therefore a simple method which could be employed by clinical laboratories. Here we describe the method and report ubiquinone profiles for seven species of Legionella which have not been investigated previously in this respect.
8ml n-hexane was added and the mixing procedure repeated. Centrifugation at 120g for 10 min assisted partition of the solvents, and the top layer of n-hexane was removed without disturbing any cellular debris at the methanol/n-hexane interface. The aqueous phase was re-extracted with a further 8 ml n-hexane. The combined hexane extracts were dried in vacuo in foil-covered vials to avoid photodegradation.
RPTLC analysis of ubiquinones.
Cellular extracts (30-50 pl) were spotted onto 20 x 20 cm octadecylsilane-bonded reversed-phase KCl8 F TLC plates (Whatman), ensuring similar quantities of extracted material between samples, together with 10 p1 of ubiquinone standards Q-6 and Q-10 (Sigma), each at concentrations of 0.5 mg ml-l. Plates were developed in acetone/water (19 : 1, v/v) until the solvent had risen to within 2-3 cm of the top. Then, after air drying, plates were sprayed with 10% (w/v) phosphomolybdic acid (Sigma) from a distance of 20-25 cm followed by heating at 160 "C for 30-50 s, when blue-green spots developed on a yellow background. In addition to ubiquinones, other hexane-soluble materials, e.g. phospholipids, were observed on the RPTLC plates but these were well separated from ubiquinones and did not interfere with their interpretation.
Relative mobility (RF values) were calculated by dividing the distance travelled by each ubiquinone individually by the distance travelled by the solvent. This was done for the two commercial ubiquinone standards, as well as ubiquinones extracted from L. pneumophila SG 1 (Knoxville-1), used as a control for the extraction method. These RF values were plotted against the number of isoprenoid units (Q) (see Fig. 1 ). This allowed tentative identification of ubiquinones extracted from other legionellae.
Saponification of ubiquinones.
A modification of the procedure of Abe et al. (1978) , described by Karr et al. (1982) , was employed. Fresh whole cells (0.4 g wet weight) were scraped from two BCYE agar plates; a suspension was made in 3 ml 1 % (w/v) pyrogallol in methanol and this was transferred to a 10 ml Quickfit flask. To this, 0.2 mlSO% aqueous KOH was added. The flask was attached to a reflux condenser (260 mm) and the mixture refluxed for 10 min at 100 "C followed by immediate cooling by placing the flask under running tap water. A 1 ml quantity of distilled water and 5ml n-hexane were added and the mixture shaken vigorously for 5 min and then centrifuged at 120 g for 10 min. The hexane layer was removed and the aqueous phase was reextracted with an additional 5 ml n-hexane. The hexane layers were combined and evaporated to dryness in v a m and the resulting residue dissolved in ethyl acetate for RPTLC.
Mass spectrometry. Some of the extracts used in this work were examined at the PHLS Centre for Applied Microbiological Research, Porton Down, Salisbury, UK, and the presence of ubiquinones in these extracts was confirmed by mass spectrometry using a Kratos MS 80 RFA mass spectrometer fitted with an Ion-Tech BNF 11 fast-atom gun and a Kratos fast-atom bombardment (FAB) source. This method of negative-ion fast-atom bombardment has not previously been applied to the identification of ubiquinones but provides valuable data (R. Wait, personal communication). Some plates were examined under UV light (254 nm) and areas of UV absorption representing ubiquinones were observed. Although absorption patterns were seen, it was difficult to estimate in what quantities these ubiquinones were present. The phosphomolybdate spray reagent, although not specific for ubiquinones, did yield more detail in the areas where ubiquinones were expected to be resolved. This greater sensitivity and the resultant semi-permanent RPTLC plate made results easier to read and record and this outweighed the disadvantage of other unsaturated lipids being shown up by the phosphomolybdate on the plate.
Results and Discussion
The method used for saponification of the extracts removed many of the other lipids observed on the Table 2 
. Ubiquinone projles of 35 Legionella species as determined semi-quantitatively by RPTLC and grouped according to the ubiquinone observed to be of the highest relative concentration
The numbers refer to visual estimates of the relative amounts of ubiquinones, with the major components designated as 4, 2 (half the amount of 4), 3 (> 2 but < 4), and 1 (half the amount of 2). tr, trace amounts; -, not detected. Predominant ubiquinone: group A, 4-13; group B, 4-12; group C, Q-11; group D, 4-10; group E, species with two or more ubiquinones present in equally high concentration.
Ubiquinone content RPTLC plate beyond the area where ubiquinones were resolved. Results obtained by this method were compared, for 10 strains, with direct extraction. Only one strain (L. maceachernii) showed any difference, less Q-10 being found in the saponified extract than in the direct extraction. The direct extraction procedure took less time and thus was chosen to compile the library of ubiquinone profiles of the Legionellaceae. Table 2 was compiled from the results of ubiquinone analyses by RPTLC of 35 Legionella species. A semiquantitative assessment of the ubiquinones was achieved subjectively, the density of spots being assigned a numerical value on the basis of intensity observed on the RPTLC plate. All analyses by RPTLC were repeated at least twice to check ubiquinone profile stability, with identical results being obtained for each LegwneZla strain tested. All strains analysed contained ubiquinones with 10-1 3 isoprenoid units in the side chains. Twelve species (fourteen strains) had trace to small amounts of Q-14, but L. feeleii SG 1 and 2, and proposed new species no. 1308, 'L. geestiae', had substantial amounts of this ubiquinone.
4-
Q-9 was found in 19 of the species (27 strains) analysed, including L. longbeachae SG 1 and 2, and the seven strains of L. quinlivanii (Table 2) . However, Q-9 was more difficult to detect on a RPTLC plate since it ran close to Q-10 and other lipid components. Visually, the other ubiquinones were more easily distinguished.
No qualitative or quantitative differences were detec- 6 ; lane 7, L.pn. SG 7; lane 8, L.pn. SG 8; lane 9, L.pn. SG 9; lane 10, L.pn. SG 10; lane 11, L.pn. SG 11 ; lane 12, L.pn. SG 12; lane 13,  L.pn. SG 13; lane 14, L.pn. SG 14; lane 15, 4-6 standard (Sigma); lane 16, Q-10 standard (Sigma) .
table in the ubiquinone profiles of the L. pneumophila strains analysed (Fig. 2) , but many differences, both qualitative and quantitative, were evident when profiles of some of the other Legionella species were examined (Fig. 3) . The ubiquinone profiles of the 68 Legionella strains allowed each species to be placed in one of five groups, designated A-E ( Table 2) . All the strains of L. pneumophila, including L. pneumophila subsp. pneumophila (DNA group I), L. pneumophila subsp. fiaseri (DNA group 2) ( Fig. 2) and L. pneumophila subsp. pascullei (Brenner et al., 1988) , gave ubiquinone profiles which were indistinguishable. These were assigned to group B (Table 2) as 4-12 was present in the highest relative quantity. Groups A, C, and D contained species for which the ubiquinone with the highest relative concentration was 4-13, Q-11 and Q-lo, respectively. Group E contained species where no one ubiquinone predominated, i.e. two or more ubiquinones were observed in the highest quantity. This system of grouping legionellae according to their predominant ubiquinone is simple both in terms of definition of a group and of allocation of strains to a group. [It should not be confused with that of Lambert &  Moss (1 989) , where 23 Legionella species were placed in groups according to their ubiquinone profiles as analysed by HPLC.] The five groups dividing the Legionellaceae are distributed as follows: group A, eight species (23%); group B, eight species (23%)); group C, one species (3%); group D, eight species (23%); and group E, ten species (28 %). Legionella species assigned to any one group may be further differentiated if necessary on the relative amounts of ubiquinones other than that which is dominant.
Ubiquinone profiles analysed by RPTLC may also be used to discriminate between the blue/white autofluorescent and the red autofluorescent species where these may be difficult to identify serologically. Of the eight currently described blue/white autofluorescent species, L. dumofii, L. gormanii, L. steigerwaltii and L. tucsonensis were designated members of group B by their ubiquinone profiles and could be differentiated from L. bozemanii, L. cherrii and L. parisiensis of group E and L. anisa of group D. The two red autofluorescent species L. erythra and L. rubrilucens could also be differentiated, as they were assigned to groups D and B respectively.
The reproducibility of ubiquinone profiles was investigated in two legionellae, a human pathogenic strain, L. pneumophila SG 1 (Knoxville-1 strain), and an environmental strain, 'L. geestiae'. Profiles were constant whether cultures were incubated for 48,96, 192 or 240 h at 37 "C and also whether grown on Oxoid or in-house BCYE.
RPTLC has been used to analyse strains other than the stock strains shown in Table 2 . Six legionellae isolated from the environment reacted with unabsorbed L. Ubiquinones are: A, Q-10, B, Q-11; C, 4-12; D, 4-13. hackeliae SG1 guinea-pig antiserum (IFA titre = 512, positive control with the homologous organism, 1024). Their ubiquinone profiles (Fig. 4) , matched closely those of L. pneumophila and not those of L. hackeliae. Further studies of fatty acids by GLC supported these findings and the organisms were subsequently identified using serogroup-specific rabbit antisera to be L. pneumophila SG 1 (three strains), SG6 (two strains) and SG12 (one strain).
Another strain of Legionella (ML-76) was analysed for its ubiquinone profile and found to be indistinguishable from L. spiritensis, agreeing with the findings of Harrison et al. (1988) . Also our findings with L. gratiana, in which Q-10 is the predominant ubiquinone, agree with those of Bornstein et al. (1989) , which were derived using HPLC.
These results suggest that ubiquinone profiles of the Legwnellaceae as determined by RPTLC are a stable and constant feature which can be used to aid in species identification.
Our results for 10 Legionella species are compared with those of two other groups, who used HPLC, in Table 3 . One group (Collins & Gilbart 1983; Gilbart & Collins, 1985) expressed their HPLC peaks of ubiquinones as percentages of the total ubiquinone content. The other group (Lambert & Moss, 1989) reported their ubiquinone data based on a visually estimated scale of 1-4 dependent on the relative concentrations of ubiquinones observed. As the method of presentation between these workers differed, comparison of results was achieved by applying the simple method of grouping as described in this paper. Where only the predominant ubiquinones were used to group the legionellae, the method of RPTLC compared Table 3 
. A summary of the groups into which 10 Legionella species fall when analysed by three groups of workers using HPLC or RPTLC to determine ubiquinone profiles
Group A, 4-13 predominates; group B, 4-12 predominates; group C, Q-11 predominates; group D, Q-10 predominates; group E, more than one ubiquinone predominates in the overall profile of a species.
Groups obtained with results of:
Collins & Gilbart
Lambert & Moss (1983, 1985) well with the results produced by HPLC. However, some differences were observed between the quantities of ubiquinones of some legionellae both between RPTLC and HPLC results and also between HPLC results where these had been carried out in different laboratories. We observed greater amounts of Q-10 in three of the 10 species in Table 3 L. jordanis, L. longbeachae and L. rnicdadei) than reported by other workers. The reason for this is unclear but the possibility that it could be due to a lipid component of RF value similar to Q-10 warrants further investigation, including mass spectrometry. Differences between analytical methods may account for other minor differences noted between laboratories. RPTLC, like HPLC, when employed to analyse the composition of ubiquinones cannot be used alone to give a definitive identification of a Legionella to species level, but is most useful when used in conjunction with serology, analysis of fatty acids by GLC, autofluorescence, DNA restriction fragment length polymorphisms (Harrison et al., 1988) , and most definitively with DNA homology (Brenner et al., 1988) .
